Here we present direct observation of a quantum reactivity with respect to the amounts of O 2 adsorbed and the rates of surface oxidation as a function of film thickness on ultrathin (2-6 nm) Pb mesas by scanning tunneling microscopy. Simultaneous spectroscopic measurements on the electronic structures reveal a quantum oscillation that originates from quantum well states of the mesas, as a generalization of the Fabry-Pé rot modes of confined electron waves. We expect the quantum reactivity to be a general phenomenon for most ultrathin metal films with broad implications, such as nanostructure tuning of surface reactivities and rational design of heterogeneous catalysts.
Pb(111) ͉ quantum size effects ͉ scanning tunneling microscopy ͉ surface reactivity F or a given solid, except for surface irregularities, such as steps and defects, surface reactivity is often solely determined by its crystallographic orientation. At a reduced size, however, particularly when the characteristic length scale enters the nanometer regime, the situation can change considerably from that of the bulk (1, 2) . For example, in nature, Au is the most stable metal, yet a Au nanoparticle becomes chemically reactive (when the size is Ϸ3 nm) and can catalyze the oxidation of CO (1) . Thin films are another such example where size-dependent surface chemical activities have been observed when the thickness is in the nanometer scale (3, 4) . Such properties of nanostructured materials are usually attributed to quantum size effects (QSE). However, the materials used in most previous studies suffer from size fluctuation, resulting in not well defined material properties, and hence the evidences for QSE are at best qualitative (4) . In the case of thin films, a far more convincing proof of QSE would be the direct observation of an oscillatory dependence of the chemical reactivities on the film thickness, which is reported here. Although bulk Pb is not a catalyst, it may function as a catalyst at the reduced size, just like Au (1). More importantly, a quantum modulation of the chemical reactivity is a general phenomenon, reflecting the QSE in the electronic states, which should not depend on any particular material.
Our Pb mesa samples were prepared on clean Si(111)-7 ϫ 7 surfaces by the molecular beam epitaxy technique. Semiconductor silicon was chosen as the substrate to achieve the required electron confinement within the Pb mesas (5) (6) (7) (8) . Fig. 1a shows a typical scanning tunneling microscopy (STM) image of the mesas. All mesas have flat-top geometry, presumably driven by surface energy minimization, but their bottom extends laterally over several (typically 5-10) atomic steps on the Si substrates [for details of the measurement of the geometry, see supporting information (SI) Fig. 4 ]. For the mesa shown in Fig. 1a , seven consecutive thicknesses, 10-16 monolayers (ML), are present, as schematically shown in Fig. 1b . The high-resolution STM images ( Fig. 1c and SI Fig. 4e ) clearly reveal that the top surface is exclusively (111) and of a single domain, regardless of the thickness variation. Such a unique geometry enables us to simultaneously measure the electronic structure, oxygen adsorption, and oxidation of the Pb films of different thicknesses under identical experimental conditions.
Single-crystal Pb is highly resistant to oxygen (9) . Appreciable oxidation takes place only at relatively high temperature (Ն370 K) or at considerable oxygen coverage at room temperature, which turns out to have destroyed the geometry of the sample in Fig. 1a . To protect the wedge-shaped mesas from possible geometry damage by high-temperature annealing [a necessary step for O 2 adsorption and oxidation, as in the case of bulk Pb (9)], we have developed a two-step approach: (i) low-temperature (Ϸ100 K) O 2 adsorption, followed by (ii) annealing at elevated temperatures to above 220 K. The method itself also proves to be a very effective way for low-temperature oxidation (SI Figs. 5 and 6).
Results and Discussion
Oscillatory Surface Reactivity. Fig. 1d shows the STM image of a mesa (which is on the same Si substrate and is nearby from the mesa shown in Fig. 1a ) after exposure to 60 langmuirs (1 langmuir ϭ 0.133 mPa⅐s) of oxygen at a substrate temperature of Ϸ100 K. The image contains four different layer thicknesses (9-12 ML). The bright spots have a typical size of Ϸ1.2 nm (SI Fig. 7 ) and are identified as chemisorbed oxygen clusters based on scanning tunneling spectroscopy (SI Fig. 8) , where a strong binding of the adsorbed clusters and the surface is observed (10, 11) . Because the clusters are irregular both in size and shape, their exact chemical nature is currently unknown. Despite the fact that all of the mesas are (111) oriented, here oxygen adsorption exhibits a clear thickness dependence; the areal density of the adsorbed spots on the even layers are always larger than that on the odd layers, whereas adsorption in the same layer is essentially homogeneous. Fig. 2a shows the thickness dependence of the adsorbed oxygen (averaged over 10 samples). Except for an anomaly at 17 ML, which will be discussed later, a well defined up-down oscillation with a period of 2 ML in the adsorbed oxygen coverage is immediately evident.
Remarkably, an oscillatory behavior in surface oxidation ( Fig.  1 e and f ) was observed when the samples were warmed up to room temperature with an additional oxygen exposure of 120 langmuirs to enhance the oxidation effect. Oscillation on thicker layers and on various mesas was also observed (SI Fig. 9 ). Based on the anisotropic shape and linear chain structure (SI Fig. 6g ), the yellowish rectangular islands in Fig. 1f and SI Fig. 9a are identified as massicot monoxides (PbO) (9) . Variabletemperature STM experiment reveals that the adsorbed oxygen clusters are stable up to 180 K, above which the formation of the monoxide will take place (SI Figs. 6 and 10 ). The monoxide always develops from the previously existing oxygen clusters and grows by forming depressed holes of one monolayer deep around these clusters, suggesting that no significant diffusion of the adsorbed oxygen clusters had taken place and that only Pb atoms around the oxygen clusters were involved in the initial monoxide formation. Surprisingly, if the same amount of oxygen were exposed to the surface at room temperature, neither adsorbed oxygen nor surface oxides were observed, and the Pb surface remains its intrinsic (111)-1 ϫ 1 structure (SI Fig. 5 a and b) .
We have taken high-resolution STM images of the surfaces for all oxygen coverages at the adsorption temperature and separately at the observation temperatures after annealing. The results indicate that localized electronic states associated with surface steps and defects (most of which are dislocations) do not play any significant role in either adsorption or oxidation. Strain is another factor to be considered, because epitaxial strain could lead to different layer spacings along the normal direction of the film. However, lattice relaxation usually takes place in the first few layers near the Pb/Si interface, whereas, near the top surface layer, spacing within the mesa is nearly the same as that of bulk Pb (12, 13) . Therefore, strain effect should not contribute significantly to the reactivity variation. Furthermore, if strain is indeed important, surface oxidation should exhibit a monotonic, rather than an oscillatory, behavior with thickness. Note that, on bulk Pb(111) surfaces, such an oscillatory oxidation behavior does not exist (SI Fig. 11 ). It can thus be concluded that the film thickness is the deterministic factor for the variation of the surface reactivity observed here. One may speculate that surface kinetic process such as thickness-dependent diffusion may play some important role in the oscillations. We measured the areal density of oxides as a function of thickness (the black squares in Fig. 2a ) and found that the absolute ratio of the amounts of oxides is equal to that of the adsorbed oxygen clusters almost for any two adjacent thicknesses (except for 17 ML). For oxidation, some clusters have to diffuse and coalesce to form oxides, whereas some decompose and desorb from the surfaces. This observation suggests that the diffusion of oxygen species involved in oxidation should not play a significant role in the oscillating oxidation observed. We cannot rule out a possible column-crossing diffusion, but net flow of the diffusing species should be small according to this measurement. Because of different electronic structures (see Fig. 3a ; to be discussed below), the boundary between the adjacent heights should behave like a ''step.'' If diffusion were important, either denuded zones or preferential adsorption/ reaction along the boundaries separating the even and odd layers should have been seen, as with the usual surface steps and domain boundaries, where diffusion-resulted structure decoration takes place, as is clearly observed on the single crystal Pb(111) surface in SI Fig. 11 .
To examine whether this oscillation behavior is limited to oxygen, we carried out experiments with very different molecules of cobalt phthalocyanine (CoPc). The result is shown in SI Fig. 12 . In this case, the thickness-dependent adsorption behavior is much more obvious. All CoPc molecules diffuse long enough and are able to reach the energetically favorable regions (10, 12, 14, 17 and 19 ML) where stronger oxygen adsorption and oxidation are always observed to form an ordered self-assembled monolayer, leaving other regions (11, 13, 15, 16 , and 18 ML) intact. With this experiment, the influence thickness-dependent diffusion can safely be ruled out. Moreover, here there is no difficulty in identifying the adsorbed species; the individual CoPc molecules are clearly resolved and identified in the highresolution STM image in SI Fig. 12c .
Correlation Between Surface Reactivity and QSE. The observed oscillatory reactivity can be preliminarily attributed to the QSE (3, 4) . When the thickness of a metal film is comparable to the wavelength ( F ) of the electrons at the Fermi energy (E F ), the film can be treated as a Fabry-Pérot interferometer of the electron de Broglie waves (14) . For Pb, F ϭ 1.06 nm, which is nearly 4 times of the interplanar distance d 0 along the crystallographic [111] direction. This coincidence ( F Ϸ 4d 0 ) suggests that, when 1 ML of Pb is added or removed, electron interference will change from being constructive to destructive and vice versa, leading to a 2-ML modulation of the electronic structure (15) (16) (17) (18) (19) . More accurate analysis indicates that the exact period should be 1.8 ML. The small difference between 2 ML and 1.8 ML results in a 9-ML beating mode on top of the finer 2-ML oscillations. This result explains the anomaly observed at 17 ML here and in previous studies (17, 18) . The great resemblance between QSE in chemical reactivity and QSE in physical transport properties (20-23) is unprecedented, suggesting a unified mechanism possibly originated from the unique behavior of the electrons at or within a small thermal energy window near the E F .
Correlation Between Surface Reactivity and Local Density of States (LDOS).
To further understand the oscillatory reactivity, we have measured the surface LDOS at the E F [LDOS(E F )]. The LDOS(E F ) as a function of the film thickness is shown by the red triangles in Fig. 2a , in which a 2-ML oscillation superimposed on a 9-ML beating envelope is clearly seen. The beating node appears at 17 ML and again at 26 ML (data not shown), in total agreement with that of the surface chemical reactivity (shown by the black dots in Fig. 2a) . Fig. 2b shows the thickness-dependent LDOS(E F ) calculated by the first-principles method. Qualitatively speaking, experiment and theory are consistent with each other: Both indicate an even/odd oscillation and the existence of a 9-ML beating mode. The influence of the electronic structure on the chemical reactivity has been studied theoretically before (24) (25) (26) (27) (28) . According to the simplest Newns-Anderson adsorption model (25) , as an oxygen molecule approaches the surface of the Pb (which can be treated as a free-electron-like metal), the anti-bonding ⌸* state of the O 2 hybridizes with the sp-band of the surface such that the ⌸* state broadens into a resonant state. Surface one-electron image potential will shift this resonant state down in energy to below the E F . This downshift and subsequent filling of the ⌸* state leads to dissociative adsorption. A lower LDOS(E F ) implies that the Pb film has fewer electronic states to respond, whereas a higher LDOS(E F ) implies that the film has more electronic states to respond, to the presence of the oxygen. Therefore, a higher LDOS(E F ) means a higher probability in the above hybridization process, causing the ⌸* resonance to move to lower energies and to be occupied or, in other words, causing a higher surface reactivity.
Next, we discuss how the LDOS in a broader energy range would respond to the quantization of the electronic states. Fig.  3a shows a series of dI/dV curves in the energy range from Ϫ0.9 to ϩ1.50 eV for thicknesses between 9 and 21 ML. The results here reveal clearly the formation of well defined quantum well states (QWS) in the LDOS, namely, the sharp peaks in Fig. 3a , at every layer thickness. This can be compared with our previous photoemission study (18, 22) , in which the QWS was measured only in the normal direction to the film surface. The distinctive sharp peaks here are characteristic of the QWS at different quantum numbers. In Fig. 3a , the zero bias corresponds to the E F . Thus, peaks closest to zero at negative and positive biases correspond to the highest occupied QWS (HOQWS) and lowest unoccupied QWS (LUQWS), respectively. When the film thickness increases, the LUQWS peak moves down to cross E F and becomes occupied for every two added layers, resulting in a 2-ML oscillation. The 17-ML film is an exception for which the QWS resides right at E F . The same was found again at 26 ML and 35 ML with a 9-ML separation, which is nothing but the long-wavelength beating mode discussed earlier. When fitting the inverse of the energy gap (⌬) between the HOQWS and LUQWS, a good linear relationship between 1/⌬ and film thickness is obtained, as shown in Fig. 3b (5, 7) . Fig. 3a further shows that a 1-ML thickness change can induce an appreciable shift in the QWS energy, typically in the range of several hundreds of a millielectron volts, for example, 200 meV between 21 and 22 ML. Because of the large increase of the LDOS at the QWS peak positions, for a given total number of states, the resulting QSE modulation on the electronic structure and hence surface reactivity could be quite significant.
Correlation Between Surface Reactivity and Local Work Function (LWF).
The work function, which is the minimum energy required to emit an electron from surface to vacuum, is thought to be one of the most fundamental properties for surface reactivity. Therefore, it was simultaneously measured here with the STM topographic image (29, 30) . The formation of the QWS also leads to an oscillatory LWF, as shown by the red curve in Fig. 3c . The LWF varies in an energy range between 3.5 and 3.7 eV, with the same oscillatory behavior as the HOQWS discussed above. The closer the HOQWS is to the Fermi energy, the smaller the value of the LWF is. This result is reasonable because the LWF was measured at a negative sample bias, at which electrons tunneling from HOQWS to the tip usually dominate the current (16) .
The above results suggest that an electronic state of the Pb mesa is very much confined to a region of the same thickness, such that the Fabry-Pérot interference of the electron wave can provide a characteristic fingerprint of that thickness.
As for the relationship between LWF and QWS, it comes mainly from the spatial distribution of the QWS electrons near the surface. Based on the density functional theory calculations, we find that the decay of the electronic state normal to the surface is much slower than others. For the latter, although their levels may be closer to E F , their spatial distributions are much more localized. Because the magnitude of the electron density above the surface is decisive to the tunneling current and hence to the measurement of the LWF, the LWF is predominantly determined by states close to the Brillouin zone center with well defined QWS.
Estimation of the Quantum Adsorption Energy. In theory, the QSE could affect both surface thermodynamics and surface kinetics. In the latter case, it could result in, for example, an oscillation in the Pb adatom diffusion barrier between even and odd layers (31) . In the present case of oxygen, however, because there is a fixed areal density ratio between the adsorbed oxygen at low temperature and oxide nanoparticles at high temperature for all film thicknesses, we expect the oxygen coverage shown in Fig. 1 to be a quantitative measure of the thermodynamics associated with the QSE.
How much does the QSE affect the adsorption energy? If we neglect the influence of diffusion (31), we can estimate the relative energy by using the following expression.
where N 0 is the oxygen exposure, 0 is the adsorption prefactor (assumed to be a constant for all of the thicknesses), E a (n) is the activation energy at the nth layer, k is the Boltzmann constant, and T ϭ 100 K is the substrate temperature. From the measured adsorption coverage (N n ) in Fig. 2 , we obtained an energy difference of 9 meV between E a (n ϭ 10) and E a (n ϭ 11) for the clusters. From application point of view, a 9-meV change is significant, because it implies that a 1-ML change in the film thickness is equivalent to a temperature change of 100°.
Conclusion
By synthesizing flat-top Pb mesas on a Si(111) substrate, we unambiguously demonstrated the oscillatory surface reactivity due to the quantum size effect by using a two-step oxygen adsorption/annealing method. Our in-depth study provides quantitative accounts of the correlations between the quantum surface reactivity, the QSE, the surface LDOS, and the LWF. We expect the quantum surface reactivity to be a general phenomenon beyond just Pb and, hence, to have broad applications, such as modifying the surface chemistry of metals and to serve as a guide to nanotailoring metal catalysts.
Materials and Methods
Sample Preparation. The experiments were performed in a Unisoku ultrahigh vacuum low-temperature STM system with a molecular beam epitaxy chamber for in situ preparation of thin films. The base pressure of the system is better than 2.0 ϫ 10 Ϫ10 torr (1 torr ϭ 133 Pa). Lead with a purity of 99.999% was evaporated at a flux rate of 0.32 ML/min from a PBN Knudsen cell onto clean Si(111)-7 ϫ 7 reconstructed substrates in the molecular beam epitaxy chamber. During the Pb evaporation, the Si substrates were cooled down to 200 K by liquid nitrogen to obtain the wedge-shaped Pb mesas. The nominal thickness of the Pb layer is Ϸ4 ML, which is below the critical thickness of 10 ML to form atomically uniform films (22) . After growth, the samples were transferred to the STM chamber for low-temperature STM observation. All STM topographic images were recorded at 80 K with a constant current of 100 pA. Oxygen adsorption was performed in the molecular beam epitaxy chamber by using a leak valve. During the adsorption, the oxygen pressure was kept at 2 ϫ 10 Ϫ7 torr, and the temperature of the samples was at Ϸ100 K.
Scanning Tunneling Spectroscopy and LWF Measurements. Surface LDOS and work function were measured by scanning tunneling spectroscopy at 80 K in a constant current mode (100 pA) with a lock-in technique for the clean surfaces (without oxygen exposure). The LDOS was obtained under the conditions of small bias voltage (Ͻ10 mV) and small modulation (5 mV) by taking the first derivative of the tunneling current with respect to the bias voltage in spectroscopic form of both dI/dV curves (at given spatial positions) and a real-space map (at a given energy). The LWF measurements were performed by modulating the tip-sample distance to collect the d(lnI)/dZ signal (29).
First-Principles Calculations. The calculations were performed by using the Vienna ab initio Simulation Package (VASP) (32) , in which we used the density functional theory, Vanderbilt ultrasoft pseudopotentials (33) , and the PW91 exchange-correlation potential (34) within the generalized gradient approximation (35) . The plane-wave cutoff energy was 144 eV. Integration over the Brillouin zone was done by using the Monkhorst-Pack scheme (36) with a 21 ϫ 21 ϫ 1 mesh for atomic relaxations and a 41 ϫ 41 ϫ 1 mesh for the electronic structure. The Pb films were modeled by periodic slabs consisting of 2-18 ML, separated by a vacuum layer of 13 Å. Our theoretically lattice constant for bulk Pb was 5.028 Å, which is in good agreement with the experimental value of 4.95 Å to within 1.6%.
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